Urea is the most consumed nitrogen fertilizer in the world. However, its agronomic and economic efficiency is reduced by the volatilization of NH 3 , which can reach 78 % of the applied nitrogen. The coating of urea granules with acidic compounds obtained by charcoal oxidation has the potential to reduce the volatilization, due to the acidic character, the high buffering capacity and CEC. This work aimed to evaluate the effect of HNO 3 -oxidized carbon on the control of NH 3 volatilization. These compounds were obtained by oxidation of Eucalyptus grandis charcoal, produced at charring temperatures of 350 and 450 ºC, with 4.5 mol L -1 HNO 3 . The charcoal was oxidized by solubilization in acidic or alkaline medium, similar to the procedure of soil organic matter fractionation (CHox350 and CHox450). CHox was characterized by C, H, O, N contents and their respective atomic relations, by the ratio E4 (absorbance 465 nm) by E6 (absorbance 665 nm), and by active acidity and total acidity (CEC). The inhibitory effect of CHox on the urease activity of Canavalia ensiformis was assessed in vitro. The NH 3 volatilization from urea was evaluated with and without coating of oxidized charcoal (U-CHox350 or U-CHox450) in a closed system with continuous air flow. The pH of both CHox was near 2.0, but the total acidity of CHox350 was higher, 72 % of which was attributed to carboxylic groups. The variation in the ionization constants of CHox350 was also greater. The low E4/E6 ratios characterize the high stability of the compounds in CHox. CHox did not inhibit the urease activity in vitro, although the maximum volatilization peak from U-CHox450 and U-CHox350 occurred 24 h after that observed for uncoated urea. The lowest volatilization rate was observed for U-CHox350 as well as a 43 % lower total amount of NH 3 volatilized than from uncoated urea.
INTRODUCTION
The agronomic efficiency of urea is reduced by NH 3 volatilization losses, which can reach up to 78 % of the applied nitrogen (Lara Cabezas et al., 1997; Sengik & Kiehl, 1995a, b; Silva et al., 1995; Mattila, 1998) . Volatilization is increased by raising the pH around the urea granules during urease hydrolysis (Kissel et al., 1988; Rodrigues & Kiehl, 1986; Ouyang et al., 1998) . Given this context, alternatives must be found to improve the agronomic efficiency of urea, once it represents 52 % of the N fertilizer consumed in Brazil and the consumption is expected to triple by 2020 (Lopes et al., 2007; ANDA, 2011) .
Mixing urea with humified organic material, for example with peat, reduced NH 3 volatilization (Siva et al., 1999) . This was attributed to the acid character and to the high acidity, acid buffering capacity and cation exchange capacity (CEC). Consequently, a humic compound obtained by Trompowsky et al. (2005) by HNO 3 oxidation of eucalyptus charcoal could be a possibility as well. This compound is considered similar to humic acids for having been isolated by the extraction method of humic substances from the soil, according to Swift (1996) , and having physicochemical characteristics similar to the humic acids extracted from soils rich in pyrogenic carbon. Particularly important is the acidic character with predominantly carboxylic and phenolic groups and, consequently, a high CEC. However, the term "humic acid" is not appropriate, which would designate one of the components of soil organic matter, characterized by insolubility in pH < 2.0.
Oxidation with nitric acid is used to increase the amount of oxygen fixed in activated carbon (MorenoCastilla et al., 2000; Chen & Wu, 2004; Liu, et al., 2007; Troca-Torrado et al., 2011) . Activated carbon has a high specific surface, large pore volume and oxygen-containing functional groups, such as carboxylic lactones and phenol (Boehm, 1994; Figueiredo et al., 1999; Shim et al., 2001; Chen & Wu 2004; Shafeeyan et al., 2010) . Nitric-acid oxidation of activated carbon has been shown to be effective for the generation of these functional group (Figueiredo et al., 1999; Chen & Wu, 2004; Shafeeyan et al., 2010) and also of N-containing groups (Pels et al., 1995; Abe et al., 2000) . These functional groups make activated carbon acidic or basic and are responsible for its adsorption capacity Szymanski et al., 2002; Shafeeyan et al., 2010) , while the acidic character defines the CEC (Boehm, 2002) . Therefore, the compounds obtained by Trompowsky et al. (2005) are similar to oxidized activated carbon and could more appropriately be called oxidized charcoal (CHox) .
Due to these characteristics, CHox can attenuate the increase in pH resulting from urea hydrolysis, which would reduce the urease activity, with a pH R. Bras. Ci. Solo, 36:1221 Solo, 36: -1229 optimum between 7 and 8 (Krajewska (2009) and favor the formation of NH 4 + and its adsorption. The objective of this study was therefore to evaluate the effect of eucalyptus charcoal oxidized with HNO 3 on reducing NH 3 volatilization from urea.
MATERIAL AND METHODS

Production and acid oxidation of charcoal
To prepare the coal, wood blocks of Eucalyptus grandis were carbonized in a laboratory furnace for 8 h, at final carbonization temperatures of 350 or 450 ºC, as proposed by Trompowsky et al. (2005) . The coal was ground in an ultra-centrifugal mill, sieved through 74 m mesh and oven-dried at 105 °C for 12 h. Charcoal (CHox) was oxidized by the procedure described by Trompowsky et al. (2005) with some modifications. To this end, the mixture of 4.5 mol L -1 HNO 3 with charcoal, at a proportion of 22 g mL -1 , was heated to boiling and refluxed for 4 h. Subsequently, the mixture was left to stand at room temperature for approximately 15 h and then vacuumfiltered through a 0.45 m nylon membrane (Millipore HAWP04700), discarding the filtrate (soluble material). The material retained in the filter was dissolved in 0.5 mol L -1 NaOH in a volume sufficient to elevate the pH to 12.0, left to stand for 20 h and then centrifuged at 3,345 g for 30 min. The supernatant was then vacuum-filtered through nylon mesh (0.45 mol L -1 ), the pH of the filtrate adjusted to 2.0 with 5.6 mol L -1 H 2 SO 4 and the solution maintained at room temperature for 20 h. It was then centrifuged at 3,345 g for 30 min, discarding the supernatant. The decanted material was dissolved again in 0.5 mol L -1 NaOH and the pH raised to 12 and left to stand for 1 h. Then the solution was acidified to pH 2.0 and allowed to stand for 20 h, after which it was centrifuged (3,345 g for 30 min), the supernatant discarded and the decanted material (CHox) transferred to a glass container and dried in a forcedair oven at 60 °C.
The CHox was dispersed in ultrapure water at a rate of 130 g L -1 and stored in cellophane bags and subjected to dialysis in a container with ultrapure water. The water was changed twice a day, until the increase in conductivity was no greater than 1 S in the dialysis water 1 hour after the exchange . After dialysis, the CHox was dried in a forced-air oven at 60 °C, ground to obtain particle size < 149 m, and stored in a desiccator. In this article, CHox obtained from coal carbonized at 350 and 450 °C is identified as CHox350 and CHox450, respectively.
Characterization of CHox
The contents of C, H and N were determined using an elemental analyzer (Perkin-Elmer 2400 Series II CHNS/O Analyser). Oxygen was determined by the difference between the initial weight and the contents of C, H, N. The atomic ratios C/N, H/C and O/C were calculated.
The pH of the CHox suspensions was determined in deionized water or in 5 mmol L -1 CaCl 2 , at 1:10. To characterize the aromaticity of CHox, absorbance was determined at 465 (E4) and 665 nm (E6) and the ratio E4/E6 computed (Chen et al., 1977) .
The total acidity that characterizes the cation exchange capacity (CEC) was determined according to Inbar et al. (1990) , which differentiates the carboxylic from the phenolic functional groups. For this, a potentiometric titration system was used as described by Reis et al. (2010) . A 100 mg sample of each CHox was solubilized in 5 mL of 100 mmol L -1 NaOH prepared in 100 mmol L -1 NaCl. The volume was increased to 24 mL with 100 mmol L -1 NaCl solution and the mixture maintained under shaking, adding 1 mol L -1 HCl to obtain a pH close to 2.0. The mixture was titrated with aliquots of 100 L of 100 mmol L -1 NaOH solution in 100 mmol L -1 NaCl up to 15 mL, resulting in 151 pH values. The contents of the phenolic and carboxylic functional groups were calculated using the volume of titrant required to raise the pH from 3.0 to 8.0 and 8.0 to 10, respectively, considering that this pH range dissociates 50 % of the phenolic radicals (Bowles et al., 1989) . The total acidity, or CEC, was calculated as the sum of the contents of carboxylic and phenolic functional groups. The different pKa values were identified by the second derivative of the titration curve, considering that the second derivative is zero for each inflection of the titration curve (Manunza et al., 1992; Masini et al. 1998) .
NH 3 volatilization from CHox-coated urea
The granular urea coated with CHox350 or CHox450 was evaluated for NH 3 volatilization. To promote adhesion to CHox, 4 mg g -1 of soybean oil was added to the urea granules. The mixture was performed in test tubes that were gently shaken for 15 min, so as not to break the granules. Thereafter, the greased urea was transferred to new tubes and 250 mg g -1 CHox350 (U-CHox350) or CHox450 (UCHox450) added, corresponding to the predetermined maximum amount of carbon capable of adhering to the urea. The tubes were shaken again carefully for 15 min to allow a homogeneous coating of the urea granules. Urea coated with soybean oil only (U-oil) was also produced. The urea granules with and without the coatings (Figure 1 ) were stored in a desiccator until use.
The volatilization test was performed in the laboratory, using air-dried fine earth of a sample from the surface 10 cm of a Red-Yellow Ultisol under notillage. The soil had pH-H 2 O 5,58 (1:10), 46 mg dm -3 P and 240 mg dm -3 K, both in Mehlich-1, 3.7 and 0.8 cmol c dm -3 of Ca 2+ and Mg 2+ (KCl 1 mol L -1 ), R. Bras. Ci. Solo, 36:1221-1229 respectively, 6.8 cmol c dm -3 of H+Al (0.5 mol L -1 calcium acetate at pH 7.0), 50 g kg -1 of organic matter (WalkleyBlack), 36.5 mg L -1 remaining P, and V 43 %.
To measure NH 3 volatilization, a closed collection system with air circulation was used, consisting of incubation chambers (340 cm 3 glass containers) connected to the NH 3 collector units (erlenmeyer flasks with 60 mL of 200 g L -1 H 3 BO 3 ). The system received a continuous flow of NH 3 -free and moistened air, at approximately 250 mL min -1 , to renew the atmosphere in the chambers and carry the NH 3 .
Three days before initiating the test, the soil was moistened to field capacity with deionized water and maintained under laboratory conditions (25 ± 2 °C) to reactivate the microbial activity. Then 100 cm 3 of the soil was filled into the incubation chambers. The quantity of urea granules (Ug), of CHox-coated urea (U-CHox350 or U-CHox450) and U-oil to supply 10 mg N were applied to the soil surface in the incubation chambers. Chambers containing soil without urea application were also included. The chambers were immediately sealed and connected to the NH 3-collecting units and the air flow was established. The volatilized NH 3 was measured 24, 48, 72, 96, 120, 144, 192 , and 240 h after closing the chambers. During this period, the soil humidity was monitored based on the change in weight of the chambers and, when necessary, water was injected through a rubber-sealed side hole. For each measurement, the collecting units were removed and replaced by others. The captured NH 3 was quantified by potentiometric titration to pH 4.5 with 1 mmol L -1 HCl, by an automatic titrator (Mettler Toledo DL 15). The net amount of volatilized NH 3 , i.e., urea-derived NH 3 , was calculated by subtracting NH 3 volatilized from the soil without urea and was expressed in relation to the N dose applied. The accumulated amount of NH 3 volatilized in eight measurements was calculated.
The test was structured in split plots, where the plots corresponded to the four urea forms and the subplots corresponded to the times of measurement. The experimental design was completely randomized with five replications. Data were subjected to analysis of variance and the cumulative amount of NH 3 volatilized was related to the time measured by means of the hyperbolic model:
+ b 1 /x, where a is the maximum quantity volatilized and b 1 the volatilization rate. The means of the total amount of volatilized NH 3 were compared by the Tukey test at 10 %.
Effect of CHox on urease activity
The effect of CHox350 and CHox450 on urease activity in vitro was evaluated using Urease Type III from jack beans (Canavalia ensiformis) (Sigma No. U1500) with a specific activity of 40 U mg -1 . One enzyme unit (U) is the amount of enzyme required to produce 1 mol min -1 NH 3 , at pH 7 and 25 ºC. The other reagents used in the test had analytical purity grade.
In a previous study, a concentration of 1.0 g L -1 urease and a period of 12 min for the reaction were found to ensure a linear response to enzyme activity. In the enzymatic assay, 0, 5, 50, 250, or 500 L of solution with 2 L -1 of CHox350 or CHox450 prepared in 200 mmol L -1 sodium phosphate buffer, at pH 7.4, were transferred to test tubes which contained concentrations of 0 (control), 50, 250 and 500 mL -1 of the respective CHox. To standardize the volume, 1480, 1475, 1430, 1230, and 980 L of sodium phosphate buffer was added and then 20 uL of 1.0 g L -1 urease solution, also prepared in phosphate buffer sodium, resulting in 1.5 mL of the reaction mixture. The tubes with the reaction mixtures were preincubated at 25 °C for 5 min. Next, 500 L of 40 mmol L -1 urea prepared in sodium phosphate buffer was added and the tubes were incubated for 12 min at 25 °C. At the end of this time, NH 4 + produced in the reaction solution was quantified by spectrophotometric determination with hypochlorite -phenol using a wavelength of 636 nm (Witte & Medina-Escobar, 2001 ). Standard curves were produced with 0 -10 mol L -1 NH 4 Cl containing each of the respective CHox350 or CHox450 concentrations. The enzyme activity ( mol L -1 NH 4 + ) was expressed in relation to the control. Each CHox represented an experiment set up in a randomized design with three replications. The data were subjected to analysis of variance.
RESULTS AND DISCUSSION
The yield of CHox350 and CHox450 was 257 and 541 g kg -1 , respectively. Trompowsky et al. (2005) also derived higher amounts of humic acid-like compounds from coal produced at 450 °C than at 350 °C. According to these authors, carbonization at 350 °C may have resulted in a material with a low degree of polycyclic condensation, facilitating its degradation into smaller molecules during acid oxidation, equivalent to the fulvic acids. Consequently, solubility would be higher, which was evidenced by 
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the darker and lower amount of filtered residue. The higher yield of CHox450, on the other hand, can be attributed to the higher condensation polycyclic and resistance to nitrate oxidation (Trompowsky et al., 2005) .
CHox consists essentially of C, H, N and O, representing 99.9 % of both CHox350 and CHox450 (Table 1) . C, H and O are derived from the plant material itself in the charcoal production when the N is incorporated into CHox during nitric acid oxidation since the plant N is volatilized during carbonization (Trompowsky et al., 2005) . The atomic relations indicate differences in the composition of the two CHox types. The C:N ratio of CHox350 was slightly lower, suggesting that during oxidation a greater amount of N was incorporated into the carbon structure ( Table 1 ). The lower H:C and O:C ratios observed in CHox450 indicate a greater proportion of aromatic or unsaturated structures, associated with a higher condensation degree of the coal produced at 450 °C, explaining the higher yield.
The E4/E6 ratios of CHox (Table 1) were lower than the values found for soil-extracted humic acids, varying between 4.7 and 7.0 (Chen et al., 1977; Ceretta et al., 2008) . Pimenta et al. (2009) reported E4/E6 ratios between 6.8 and 9.1 and between 5.5 and 6.7 for humic acid species derived from charcoal of semi-arid species, carbonized at 350 and 450 °C, respectively. Since this ratio decreases with the humification degree of organic matter, due to the higher aromaticity which stabilizes the humic acids (Kononova, 1966) , the conclusion was drawn that CHox is highly stable, in particular CHox350, with the lowest E4/E6 ratio.
The active acidity of CHox was high, and CHox350 was slightly more acidic (Table 1 ). The small difference between pH in water and CaCl 2 5 mmol L -1 shows the electroneutrality of CHox. The total acidity that determines the CEC was higher in CHox350, due to the higher levels of both carboxylic and phenolic functional groups (Table 1 ). The carboxylic groups accounted for 72 and 75 % of the CEC of CHox350 and CHox450, respectively. The shape of the titration curve (Figure 2a ) reflects the greater number of ionizable functional groups in CHox350, but does not show the inflection points, due to the proximity of the pKa values. The second derivative of the titration curve for each inflection is zero and shows the greater range of pKa values for the functional groups in CHox350 (Figure 2b ). These functional groups are the most abundant ionizable sites in the humic acids (Masini et al., 1998) and they determine the acid character, CEC and acid-buffering capacity. Ionizable functional groups, e.g., carboxylic and phenolic compounds, were also observed by Trompowsky et al. (2005) in humic acids obtained from charcoal based on infrared spectrum analysis and 13 C nuclear magnetic resonance, aside from N-containing functional groups introduced by nitric acid oxidation. Despite the lower yield, the physicochemical characteristics of CHox350 are more appropriate to control NH 3 volatilization from urea hydrolysis.
Volatilization test
The coated urea, both with CHox350 and CHox450 showed 36 % of N due to the dilution in oil (0.03 %) and CHox (25 %) attached to the granules.
The urea coatings of both CHox types delayed the NH 3 -volatilization peak by 24 h (Figure 3) . However, only the U-CHox350 altered the volatilization kinetics, reducing the volatilization rate, evidenced by a lower b1 coefficient of the hyperbolic model and a lower accumulation of volatilized NH 3 ( Figure 4 and Table  2 ). The amount of NH 3 volatilized from U-CHox350 was 43 % lower than from uncoated urea.
It was observed that the U-CHox granules were still visible on the soil up to 10 h after application, while the urea without coating had disappeared after 3 h. Thus, the delay in peak volatilization can be attributed to slower urea dissolution, due to the hydrophobic character of CHox.
According to the results of enzymatic kinetics in vitro, the lower volatilization from U-CHox350 cannot be attributed to urease inhibition, since its activity was not reduced by CHox350 or CHox450 (Table 3 ). The small increase in urease activity with CHox application can be attributed to the time spent on the addition of the phenol-containing solution to inactivate the enzyme, since this analytical procedure was applied from the control treatment to the highest CHox concentration, thus extending the urease activity by a few seconds. In soil, however, the acidity caused by CHox could have some effect on the urease activity, mainly in the first hours, since its optimum pH is between 7 and 8 (Krajewska, 2009 ). This fact could not be verified in the enzymatic analysis due to the buffering of the reaction medium of pH 7.4. Moreover, the time of preincubation of 5 min of CHox with the enzyme may also have been insufficient, since You & Zhou (2008) used a pre-incubation period of 1 h to measure the inhibition capacity of Cu complexes.
Thus, the lower volatilization from U-CHox350 (Table 2) can be attributed to the higher total acidity (Table 1 ) and the presence of carboxylic functional groups with a greater variety of ionization potential for CHox350 (Figure 2) , which increased the buffering capacity. The acid character and buffering restrict the initial urease activity and the elevation of pH resulting from urea hydrolysis while the ionization of functional groups promotes the adsorption of NH 4 + formed. This hypothesis is supported by the fact that when the volatilization peak was reached, 30 % of the total NH 3 of UCHox350 had been lost by volatilization, while for
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